Clustering of apoptotic cells is a characteristic of many developing or renewing systems, suggesting that apoptotic cells kill bystanders. Bystander killing can be triggered experimentally by inducing apoptosis in single cells and may be based on the exchange of as yet unidentified chemical cell death signals between nearby cells without the need for cell-to-cell communication via gap junctions. Here we demonstrate that apoptotic cell clusters occurred spontaneously, after serum deprivation or p53 transfection in cell monolayers in vitro. Clustering was apparently induced through bystander killing by primary apoptotic cells. Catalase, a peroxide scavenger, suppressed bystander killing, suggesting that hydrogen peroxide generated by apoptotic cells is the death signal. Although p53 expression increased the number of apoptoses, clustering was found to be similar around apoptotic cells whether or not p53 was expressed, indicating that there is no specific p53 contribution to bystander killing. Bystander killing through peroxides emitted by apoptotic cells may propagate tissue injury in different pathological situations and be relevant in chemo-, ␥-ray, and gene therapy of cancer.-Reznikov, K., Kolesnikova, L., Pramanik, A., Tan-No, K., Gileva, I., Yakovleva, T., Rigler , R., Terenius, L., Bakalkin, G. Clustering of apoptotic cells via bystander killing by peroxides. FASEB
Clustering of apoptotic cells has been described in different tissues such as Drosophila wing imaginal discs (1), the capillary network in remodeling rat ocular tissue (2) , stem cell zones in small intestinal crypts (3) , and proliferating glial cell populations in the hippocampus (4) . The occurrence of apoptotic clusters may reflect either simultaneous passage of a group of clonally related cells through differentiation with synchronous entry into apoptosis (5, 6) or killing of viable neighbor cells by primary apoptotic cells, a process named bystander killing (2-5, 7, 8).
Bystander killing could be triggered experimentally in Drosophila imaginal discs after induction of apoptosis in single cells (1) . Cells individually killed in vitro by exposure to ␣-particles or X-rays increased the incidence of apoptosis (9 -11) and accumulation of the p53 tumor suppressor protein (12) , a major transcription regulator of apoptosis (reviewed in ref 13) , in non-hit bystander cells (9 -12) . Bystander killing effects may be critical for enzyme prodrug (7, 8) and p53 substitution (14 -16) cancer gene therapy since current techniques for introduction of transgenes into tumors are not capable of transducing all neoplastic cells (14) . Bystander killing may also contribute to the propagation of tissue injury in chronic diseases and after low levels of ionizing irradiation (9, 12) , and appears to be a basis for the propagation of brain injury in cerebral ischemia (17) .
Bystander killing may be based on exchange of chemical cell death signals between nearby cells. These signals may reach their targets by diffusion through extracellular spaces or via gap junctions. There is some evidence for the release of toxic signals from cells individually exposed to radiation, followed by the induction of apoptosis of unirradiated cells. Cell death signals spread through the culture medium and specialized cell-cell communication via, for example, gap junctions was not required for bystander killing (10, 11) . The chemical nature of these signals remains unknown.
In the present study the phenomenology and mechanisms of the clustering of apoptotic cells were examined in vitro in cell culture monolayers. Experiments were designed with the emphasis on the role of p53, which mediates effects of different signals on apoptosis and was suggested to induce bystander killing (14 -16) . Clustering of apoptotic cells was registered in p53-negative Saos-2 cell monolayers. After transfection with p53, no difference in apoptotic clustering was found around p53-transfected and nontransfected apoptotic cells, indicating no p53 specific contribution in bystander killing. However, apoptotic cell clustering was inhibited by catalase, a peroxide scavenger, and intracellular concentrations of hydrogen peroxide in apoptotic cells estimated by using fluorescence correlation spectroscopy (FCS) in living cell cultures appeared to be very high, in the micromolar range. These observations suggested that hydrogen peroxide that readily penetrates cell membranes (18, 19) can function as an extracellular mediator of cell death.
MATERIALS AND METHODS

Cell culture and experimental treatments
The human osteosarcoma Saos-2 and cervical carcinoma HeLa cells were grown in Iscove's medium (GibcoBRL, Gaithersburg, Md.) supplemented with 10% fetal bovine serum (FBS; Gibco) at 37°C in 5% CO 2 humidified atmosphere. 2-4 ϫ 10 6 Saos-2 cells in 15 ml medium were seeded onto 19 mm coverslips in 10 cm plates (8 -10 slips/plate); after 24 h, slips were transferred to 12-well plates with 1 ml medium/well. Cells on slips in 12-well plates at 50 -60% confluence were transfected with 0.4 g of CMV wild-type p53 expression plasmid or CMV vector plasmid and 2 l of lipofectamine (Gibco) in 0.2 ml of OPTI-MEM medium (Gibco) per well. A 0.2 ml aliquot of Iscove's medium supplemented with 20% FBS per well was added after 5 h of incubation and the transfection medium was replaced with 0.4 ml of Iscove's medium containing 10% FBS after 21 h additional incubation. Coverslips were processed for analysis of apoptotic and p53-positive cells 24 h later.
HeLa cells at 70% confluence were labeled with 25 mM carboxyfluorescein diacetate, succinimidyl ester (CFDA se) using VybrantTM CFDA se cell tracer kit (Molecular Probes, Leiden, The Netherlands) according to the manufacturer's recommendations. Labeled HeLa cells were loaded over unlabeled Saos-2 cells growing on 19 mm coverslips at 80% of confluence in 10 cm plates (8 slips in one plate) at the ratio of one part of HeLa cells to 40 parts of Saos-2 cells. After 24 h slips were transferred to 12-well plates with 1 ml fresh medium/well and incubated for the next 24 h.
Saos-2 cells at 80% confluence were treated with catalase (Sigma Chemical Co., St. Louis, Mo.; 400, 4000, 10000, or 20000 U/ml) or N G -monomethyl-L-arginine (NMMA; Sigma) for 48 h with change of medium after 24 h. Catalase (10000 U/ml) was added to cells growing on coverslips 24 h after transfection with CMV-p53 expression or CMV vector plasmid; cells were incubated with the enzyme for the next 48 h with change of medium after 24 h.
Saos-2 cells seeded on coverslips at 80% confluence were treated with 2, 5, 10, or 50 M hydrogen peroxide for 6, 12, and 24 h and the percentage of apoptotic cells was counted.
Staining of apoptotic and p53-positive cells
Saos-2 cell monolayer cultures seeded on coverslips were incubated in propidium iodide (Sigma) (20 g/ml, 10 min at 37°C), fixed with 3.7% formalin, counterstained for 30 min with 0.4 g/ml Hoechst 33258 (Hoechst, Frankfurt, Germany), and mounted on the slides with Moviol 4 -88 (Hoechst). The DNA-intercalating dye propidium iodide (fluoresces red) enters only dead or dying cells with damaged membrane integrity; chromatin condensation in small, round-shaped nuclei and their fragmentation revealed by Hoechst staining (fluoresces blue) provide the evidence of their apoptotic nature (20) . The TUNEL technique was used for in situ nick end-labeling detection of DNA fragmentation; an in situ cell death detection kit (Boehringer Mannheim, Germany) with fluorescein (fluoresces green) was used according to the manufacturer's instructions. For immunofluorescence detection of p53-transfected Saos-2 cells, a monolayer culture seeded on coverslips was fixed in 3.7% formalin 48 h after transfection, probed with a monoclonal anti-p53-antibody (clone DO-7; DAKO A/S, Glostrup, Denmark), exposed to secondary rabbit anti-mouse IgG fluoresceinconjugated antibodies (DAKO) in the presence of 0.4 g/ml of Hoechst 33258 dye, and mounted on slides with Moviol.
Determination of intracellular hydrogen peroxide
Intracellular production of H 2 O 2 was detected with the nonfluorescent 5-(and-6)-carboxy-2Ј,7Ј-dichlorodihydro-fluorescein diacetate (C-H 2 DCFDA; Molecular Probes), which easily passes through membranes during cell loading. The acetate moieties are cleaved by intracellular esterases, yielding the nonfluorescent molecule 5-(and-6)-carboxy-2Ј,7Ј-dichlorodihydro-fluorescein (C-H 2 DCF), which is trapped within the intracellular granules and cytoplasm due to its polarity. Hydrogen peroxide, together with intracellular peroxidases, is able to oxidize the trapped C-H 2 DCF to 5-(and-6)-carboxy-2Ј,7Ј-dichloro-fluorescein (C-DCF), which fluoresces in green with a max at 525 nm (21) (22) (23) . Saos-2 cells on coverslips at 100% confluence were loaded with 10 M of CM-H 2 DCFDA and propidium iodide (20 g/ml) in growth medium at 37°C for 1 h and the last 10 min, respectively. Cultures were fixed with 3.7% formalin for 30 s and mounted on the slides with Moviol.
The peroxide concentrations were estimated in Saos-2 cells cultivated in 8-well chambers (Nalge, Nunc, Naperville, Ill.), 8 ϫ 10 4 cells per well, in phenol red-free Iscove's medium (Gibco) in the presence or the absence of 10% FBS for 3 days with daily changing of the medium. The medium collected on the third day was used for analysis of extracellular hydrogen peroxide. The cells were washed three times with phenol red-free Iscove's medium, incubated for 2-4 h at 37°C with 20 M of C-H 2 DCFDA in fresh medium, and the intensity of the resultant C-DCF fluorescence in the cells and medium was measured by FCS. The average fluorescence intensity was calibrated with exogenous C-DCF (Molecular Probes) added to cell culture medium. The relationship of fluorescent intensity was linear in the range from 1 M to 9 M C-DCF in the medium.
Detection of hydrogen peroxide in the medium
C-H 2 DCFDA does not undergo oxidation; thus, the acetate moieties were first cleaved by alkali treatment to yield nonfluorescent C-H 2 DCF, which is susceptible to H 2 O 2 -mediated oxidation catalyzed by peroxidases (21) (22) (23) . The peroxidecontaining samples and the H 2 O 2 standard solutions were incubated with 80 M of C-H 2 DCF and 10 g/ml of horseradish peroxidase (Sigma) for 30 min at room temperature; the intensity of the resultant C-DCF fluorescence was determined by FCS. The relationship of fluorescence intensity was linear to H 2 O 2 concentrations from 0.25 M to 2 M.
Breakdown of exogenous hydrogen peroxide was assessed when solutions of 100 M H 2 O 2 in the phenol red-free Iscove's medium were loaded into Nunc chambers with Saos-2 cells at 80% confluence or without cells. Chambers were incubated at 37°C for 10 or 60 min in 5% CO 2 humidified atmosphere and peroxide concentrations in the medium were measured.
FCS
FCS was performed with confocal illumination of a laser volume element of 0.2 fl in a ConfoCor instrument (Carl Zeiss, Oberkochen, Germany) built according to the principles described by Rigler et al. (24) . As focusing optics a Zeiss Neofluar 40 ϫ NA 1.2 objective for water immersion was used in an epi-illumination setup. For separating exciting from emitted radiation a dichroic filter (Omega 540 DRL PO 2 ) and a bandpass filter (Omega 565 DR 50) were used. The C-DCF was excited with the 514.5 nm line of an Argon laser. The average fluorescence intensity was detected by an avalanche photo diode (EG & SPCM 200). The FCS experimental setup used in this paper has been described earlier (25) .
Quantitation of the percentage of apoptotic cells
The percentage of apoptotic cells was assessed by fluorescent microscopy after vital staining with propidium iodide and postfixation counterstaining with Hoechst 33258 dye. For each experimental observation, the number of apoptotic cells per 900 cells was scored on three coverslips, 300 cells on each slip, besides the experiment with hydrogen peroxide treatment where the number of apoptotic cells per at least 500 cells was scored on 10 microscopic fields with 50 -80 cells on each field. Data were used for calculation of apoptotic index (the number of apoptoses as a percentage of the total number of counted cells) and reported as means Ϯ se.
Cell growth/cytotoxicity assays
Saos-2 cells (10 5 cells/35 mm plate) were treated with 0.5 or 1 mM hydrogen peroxide for 24 h; adherent and nonadherent cells were pooled and analyzed for viability using a trypan blue exclusion assay.
Morphological assessment of the bystander effect
The number of apoptoses within a 110 m radius from centers of 300 viable and apoptotic cells was counted on three coverslips for each experimental point under analysis. In cell cultures immunostained with p53 antibody, the number of apoptoses within 110 m radius was counted separately for viable p53-negative and p53-positive cells, as well as apoptotic p53-negative and p53-positive cells. The Student's t test was used to evaluate differences between means.
Apoptotic cell distribution and cluster analysis
The distribution of apoptoses was mapped in rectangular areas (2330 m ϫ 1000 m) projected from five Saos-2 subconfluent cultures using camera lucida. In all maps, the randomness in spatial distribution of apoptoses was tested using the nearest neighbor distances and K-means clustering statistics as described for cell clustering in tissue sections (4) . The nearest neighbor distances between apoptotic cells were analyzed using Clark-Evans statistics (26) . This method is based on a comparison of the means of the nearest neighbor distances between the set of observed points and a completely random point pattern of the same density per unit of the area. The K-means clustering algorithm operates with a given number of clusters by moving the objects (points) in and out of clusters to give the minimal variability within clusters and the maximum variability between clusters. The optimal partition for different sizes of clusters was tested using the locations of points (centers of apoptotic nuclei) on maps with rectangular (X and Y) coordinates. The K-means cluster analysis was performed using the Statistica StatSoft program (Scandinavia AB, Uppsala, Sweden).
RESULTS
Clustering of apoptotic cells in vitro
Apoptotic human osteosarcoma Saos-2 cells were detected with propidium iodide (red fluorescence), by visualizing nuclear shrinkage/fragmentation with Hoechst 33258 staining (blue fluorescence), and by TUNEL staining (green fluorescence) (Fig. 1) . Cells labeled with propidium iodide composed 92 Ϯ 2.4% of Hoechst-stained cells with nuclear condensation. Propidium iodide, which is a DNA-intercalating dye, enters cells with loss of membrane integrity and stains both necrotic and apoptotic cells. A high incidence of apoptotic cell labeling with propidium iodide indicated that apoptosis was the predominant form of cell death in Saos-2 cell cultures grown in control medium deprived of serum or p53 transfected. The TUNEL stain labeled 71 Ϯ 3.2% of cells with apoptotic morphology, demonstrating that DNA fragmentation had occurred in these cells. However, 29% of the morphologically apoptotic cells were not stained by TUNEL, probably because DNA fragmentation is a much later event in apoptosis than nuclear condensation (27) . The extent of apoptosis assessed on coverslips by morphological criteria was 0.2-1%, 1-4%, and 10 -20% in normal cell cultures, cells transfected with CMV wild-type p53 expression plasmid, and after 3 days serum deprivation, respectively. The flow cytometry analysis of cells with the subG1 DNA content provided essentially proportional but higher numbers since floating apoptotic cells were included in analyzed samples. Thus, ϳ4% of all cells were apoptotic in cell cultures grown under normal conditions or mock transfected with CMV vector plasmid, whereas ϳ16% apoptotic cells were registered in cultures transfected with CMV wild-type p53 expression plasmid (unpublished results).
There was a tendency for clustering of apoptotic cells in subconfluent Saos-2 cultures grown in control medium (Fig. 2, left) . The visual impression of apoptotic clustering in control Saos-2 cultures was confirmed with statistical analyses. Mapping the location of apoptotic cells, followed by nearest neighbor analysis, demonstrated a nonrandom distribution since the means of nearest neighbor distances between apoptotic cells were less than expected by chance ( Table 1) . Consequently, the ratios of observed to expected mean distances (R) were less than 1 for all populations observed, indicating a departure from random distribution in the direction of aggregation (clustering) (26) . For all populations observed, the deviations were statistically significant. Analysis of the location of apoptotic cells within rectangular coordinates of the apoptosis plotting maps using the K-means clustering algorithm revealed optimal partition of three different sizes of clusters with an average size of 7-9, 3, and 2 cells per cluster, respectively ( Table 2 ). The occurrence of apoptoses within a 110 mm radius (equal to the mean expected distance between randomly distributed apoptotic cells; Table 1 ) from the centers of viable and apoptotic cells was also different (Fig. 3) . The number of apoptoses around apoptotic cells was two to three times greater than around viable cells.
In cultures transferred to serum-free medium, a massive entry into apoptosis was accompanied by prominent cell clustering (Fig. 2, right) . Analysis of cultures deprived of serum for 24, 48, and 72 h showed that clusters consisted of cells at different stages of apoptosis at all these end points. Clusters composed of apoptotic cells with chromatin condensation in small round-shaped nuclei characteristics of early stages of apoptosis were observed (Fig. 4B) . Many clusters contained apoptotic cells with fragmented nuclei and apoptotic bodies typical for the late stages of apoptosis (Fig. 4C ). There were also clusters with a mixture of cells at different stages of apoptosis (Fig. 4D) . Thus, apoptotic clusters were apparently formed due to synchronous and asynchronous entry of neighboring cells into apoptosis.
To test the possibility that apoptotic clusters were formed by entry of sister cells into apoptosis (e.g., via aberrant mitosis), HeLa cells covalently labeled with CFDA se were loaded over confluent unlabeled Saos-2 cells; 24 h later, the occurrence of unlabeled apoptotic Saos-2 cells around labeled HeLa cells was registered. The number of apoptotic Saos-2 cells within the 110 mm radius from a center of an apoptotic HeLa cell (0.49Ϯ0.06) was significantly (PϽ0.001) higher than that around a viable HeLa cell (0.1Ϯ0.25). Thus, a majority of apoptotic cells in clusters did not derive from the same cell precursors and cell clustering was not a cell type-specific phenomenon.
Catalase suppresses apoptosis clustering
Clustering of apoptotic cells may occur due to bystander killing by signal substances released from dying cells (9 -11) . These substances may reach their targets by diffusion through extracellular spaces (10) or via gap junctions. Given that cell-cell communication via gap junctions is weak in a Saos-2 monolayer (28, 29) , reactive oxygen species (ROS), or nitric oxide may be released, penetrate cellular membranes (18, 19) and induce apoptosis (30 -33) . If hydrogen peroxide is released from the cells, catalase, which cannot diffuse into cells (34) , would primarily metabolize hydrogen peroxide in the medium (32) and block apoptotic cell clustering. Indeed, catalase in the dose range of 4000 to 20,000 U/ml abolished clustering of apoptotic cells (Fig. 3) ; the number of apoptoses was decreased much more strongly around apoptotic cells than around viable cells. The nitric oxide synthase inhibitor NMMA (0.1 and 1 mM) did not affect the number of apoptoses. 
Apoptotic cells produce high concentrations of hydrogen peroxide
Generation of hydrogen peroxide was confirmed using the nonfluorescent C-H 2 DCFDA, which turns into the fluorescent dye C-DCF on cleavage of the acetate by intracellular esterases and oxidation by intracellular peroxides (21) (22) (23) . While only few viable cells (0.9Ϯ0.2%) were stained by DCF, more than 40% of apoptotic cells labeled with propidium iodide (40.8Ϯ4.9%) were also labeled with DCF (Fig.  5) . The reason that DCF fluorescence was not registered in all apoptotic cells could be technical, such as DCF leaking out the cell during the fixation procedure. More likely, however, the ROS are only involved in the activation phase of programmed cell death and are not required for the execution of the death program (35) .
Hydrogen peroxide concentrations were estimated in living cells by using FCS. FCS is a powerful biophysical tool for examining molecular events with very high specificity (24) . In this technique, the fluorescence of single dye molecules excited by a sharply focused laser beam is registered. The extremely tiny 0.2 fl volume element of the laser beam allows the measurement of molecular properties at specific coordinates within and around the cell (24, 25, 36, 37) . Laser focus was placed on the upper surface of the cell, attached to the floor of a Nunc chamber, 2 m below this level inside the cell, or 10, 20, and 40 m above this level in the medium (Fig.  6) . Similar average fluorescence intensity was registered in the control medium and medium from cells precultivated under normal conditions, produced through the spontaneous hydrolysis of C-H 2 DCFDA and oxidation of C-H 2 DCF to the fluorescent C-DCF. The fluorescence intensity was ϳfourfold higher in the medium from cells deprived of serum for 3 days. When focus was placed intracellularly 2 mm below the upper cell surface, two types of responses were a Each map was plotted with the location of apoptoses in a rectangular area (2330 m ϫ 1000 m) of a Saos-2 monolayer. Density () is the number of apoptotic cells per unit area; r E Ϯ r E is the mean expected nearest neighbor distance Ϯ se for a random distribution (r E ϭ 1 2 v; r E ϭ 0.26136/vN ⅐ ); r obs Ϯ r obs is the mean nearest neighbor distance observed Ϯ se; R (R ϭ r obs /r E ) is a measure of the degree to which the observed distribution departs from random, R ϭ 1. The significance of the departures from the random distribution was tested using the formula C ϭ r obs Ϫ r E /r E , where C is the standard variate of the normal curve (26) . P is the probability that the observed distances between apoptotic cells are distributed randomly.
registered. Viable cells characterized by slightly elongated polygonal morphology demonstrated low levels of fluorescence. Dying, presumably apoptotic cells characterized by a rounded shape, blebbings of plasma membrane and located 5-10 m above the viable cell monolayer (27, 38, 39) generated 40-to 100-fold higher fluorescence. Three days of serum deprivation substantially increase the hydrogen peroxide production 3.5-fold by viable cells whereas presumably apoptotic cells from control and serumdeprived cultures did not differ in fluorescence intensity. The average fluorescence intensity was similar inside the cell 2 m below the cell surface and at the cell surface level, but was 8 -10 times lower in the medium (Fig. 6B) . However, the intensity 10 m above the cell surface was only 1.8-fold lower than that inside the cell and 5-fold higher than 20 m above the cell surface or in the medium. This gradient demonstrates that the fluorescent dye was constantly generated in the intracellular oxidative reactions and that there was a strong outflow of this dye from the apoptotic cells into the medium.
Concentrations of hydrogen peroxide were extrapolated from the calibration curves generated with the fluorescent C-DCF as a reference added into the medium. The estimated peroxide concentrations in the medium, 2 m under or 10 m above the surface of 3 day serum-deprived apoptotic cells after 2 h incubation with C-H 2 DCFDA, were ϳ5, 12, and 7 M, respectively. These concentrations are in the same range as those released by activated macrophages (40, 41) or neutrophils (42, 43) ; here an apoptotic cell produced ϳ0.7 fmol of H 2 O 2 equivalents/min into medium whereas macrophages and neutrophils released 0.05-2.6 fmol H 2 O 2 /min and cell (40 -43) .
Hydrogen peroxide secretion and breakdown
The peroxide levels were similar in the control medium incubated without cells and the medium from cells grown under normal conditions (0.75 and 0.80 M, respectively), but were lower in the medium from cells serum-deprived for 3 days (0.33 M). To test whether peroxide is stabile in the medium, 100 M solution of H 2 O 2 in serum-and phenol red-free medium was loaded into a Nunc chamber with Saos-2 cells at 80% confluence or without any cells. Figure 7 demonstrates that peroxide concentrations rapidly declined and were practically undetectable after 60 min incubation in both cell-free medium and medium with cells. The short half-life in the medium did not allow determination of actual concentrations of peroxide in the medium secreted by apoptotic and viable cells.
Hydrogen peroxide in micromolar concentrations induces apoptosis
Despite a short half-life, hydrogen peroxide induced apoptoses registered 12 h after loading into the medium (Fig. 8) . The number of apoptoses was increased 2.4-and 2.6-fold after addition of 10 and 50 M of peroxide, respectively. No substantial differences between untreated and peroxide-treated cultures were revealed after 6 and 24 h. Thus, peroxide triggered changes in cells that developed into apoptosis during the next 12 h. Apoptotic bodies formed had apparently disappeared from the coverslips by 24 h. At 0.5 and 1 mM concentrations, peroxide induced death of 50 -100% Saos-2 cells after 24 h incubation, as demonstrated with a trypan blue assay; only a few cells remained attached to the dish, and of those, few had apoptotic morphology. Apparently, the bulk of apoptotic cells had floated away into the culture medium.
No difference in bystander killing around p53-positive and p53-negative apoptoses
The p53 tumor suppressor protein has been implicated in bystander cell death induced by adenovirusmediated p53 gene therapy (14 -16) as well as in bystander growth arrest (44) . To assess whether p53 contributes to bystander killing, p53-deficient Saos-2 cells were transiently transfected with a CMV wildtype p53 expression plasmid (Fig. 9) . The proportion of p53 immunopositive (p53 ϩ ) cells to total cell number ranged from 1 to 4% 48 h after transfection in 10 experiments. The expression of p53 resulted in a 1.5-to 3-fold increase in the total proportion of apoptotic cells compared to that in mock transfection experiments. About one-fifth (20Ϯ5%) of the apoptotic cells in p53-transfected cultures were p53 ϩ , indicating activation of the p53-dependent pathway of cell death. The number of apoptoses around p53 ϩ and p53 Ϫ apoptotic cells (within the 110 m radius from cell centers) did not differ significantly and was much higher than that around p53 ϩ and p53 Ϫ viable cells (Fig. 3) . The data demonstrate that cells that commit apoptosis via p53-dependent or p53-independent pathways induce bystander killing with similar efficiency; 27-29% of apoptoses located within 110 m radius from apoptotic cells were p53 immunopositive independent of whether a centered cell was p53 ϩ or p53 Ϫ (Fig. 9 ), demonstrating that neighboring apoptotic cells were not sister cells resulting from aberrant mitosis. Catalase inhibited clustering of apoptotic cells around both p53
ϩ and p53 Ϫ apoptotic cells with the same efficiency (Fig. 3) . Apparently, p53 expression did not generate additional extracellular death signals.
DISCUSSION
Apoptotic cell clusters characteristically occur in many developing and renewing tissues (1) (2) (3) (4) (5) (6) . In the monolayer Saos-2 cell culture, small foci of apoptotic clusters were spread throughout the surface of cultures grown on coverslips. These foci contained fewer than 10 cells per cluster. The optimal partitions identified three different sizes of clusters with 7-9, 3, or 2 cells per cluster. The distribution of primary apoptotic cells dying spontaneously may depend on the heterogeneity of the glass surface. However, the glass surface did not influence cell clustering because treatment with catalase, which does not affect the glass surface properties, abolished clustering. In addition, generation of primary apoptotic cells due to p53 expression, a process that does not depend on glass surfaces, also resulted in the formation of apoptotic cell clusters. Mosaics of proliferating, differentiating, or dying cells in tissues and cell cultures suggest the existence of discrete units with coordinated and cooperated decisions taken by a cell community about the fate of individual cells that form the cluster (4, (45) (46) (47) (48) (49) (50) . These decisions may result in proliferation, differentiation, or cell death. The borders between clusters may be relative and flexible, thus defining a cluster as a functional rather than a structural unit. This mechanism does not exclude the influence of external factors. Death of one or a few cells induced by external factors may generalize to a majority of cells in a cluster by intercellular communication.
In any population cells receive information from every neighboring cell and patterns will develop, with peaks and valleys in concentration/activity of signal molecules or other information-bearing agents (51) (52) (53) . The most plausible reason for apoptotic clustering in culture might be the variability in spatial distribution of cell death signals that cells receive from their neighbors. When the total pool of these molecules shared by adjacent cells surpasses a certain threshold level, it would initiate a synchronized death of cells in this group.
Death signals released from cells can reach their targets through gap junction channels or extracellular spaces. Intercellular communication by means of gap junctions is weak in the Saos-2 monolayer (28, 29) , which leaves the other alternative that the extracellular spread of soluble substances triggers apoptosis in neighboring cells. The synchronized changes in a limited group of adjacent cells suggest that these substances have a half-life comparable with their time of diffusion across a group of cells. Readily diffusible molecules with a half-life on the order of seconds and cell killing properties include nitric oxide, which has already been implicated in local cell-cell interactions (49, 50, 54) , and hydrogen peroxide (18, 19) . Among biologically relevant ROS, hydrogen peroxide is a likely candidate for a cell death signal messenger, since it is comparatively stabile with a half-life on the order of seconds (rather than fractions of the second for the hydroxyl radical); it can freely permeate cell membranes (18, 19) and cause cell death via apoptosis in a variety of cell lines including Saos-2 cells (present study) at low micromolar concentrations (30, (55) (56) (57) (58) (59) (60) . Peroxides are downstream mediators of p53-dependent apoptosis, and peroxide scavengers can inhibit apoptosis induced by different stimuli (55, 56, 61 and references therein). Signaling pathways leading to hydrogen peroxide production remain unclear (55, 56, 61) . How apoptosis is induced by ROS is also not yet known, although activation of the sphingomyelin/ ceramide apoptotic signaling pathway has been suggested (57) .
Concentrations of hydrogen peroxide produced by apoptotic cells were estimated to be very high, in the micromolar range, and similar to those released by activated macrophages and neutrophils (40 -43) . A gradient of the fluorescent dye C-DCF generated in the oxidative reaction with intracellular peroxide was registered around apoptotic cells. The concentration of this dye at a 10 m distance from the cell was 5-fold higher than in the medium and only 1.8-fold lower than inside the cell. To maintain over time such a gradient in a volume that exceeds that of the cell ϳ10 -20 times, the rate of production of hydrogen peroxide by apoptotic cells likely surpasses the rate of C-DCF diffusion from the cell surface into the medium.
Hydrogen peroxide at low micromolar concentrations killed Saos-2 (present study) and many other cells (55-60) via apoptosis. Since hydrogen peroxide easily degraded in the medium (present study; 33), the effective concentrations around cells were probably much lower and the exposure time much shorter. Cumulative concentrations of hydrogen peroxide released by cells during entering and progression of apoptosis were probably sufficient to kill viable bystanders. This notion is supported by the observation that catalase, a peroxide scavenger, strongly inhibited bystander killing. Catalase is a 60 kDa protein and cannot simply diffuse into cells (34) ; it should therefore primarily metabolize hydrogen peroxide released from the cells (32) .
Macrophages and neutrophils produce large amounts of ROS (40 -43) , which lead directly to the destruction of the target cells in the course of an antibody-mediated cytotoxic response. By analogy, hydrogen peroxide emitted by apoptotic cells may function as an extracellular mediator of cell death that propagates tissue injury in different pathological situations. Various anticancer agents or ␥-ray irradiation kill tumor cells via genotoxic stress, which includes intracellular production of hydrogen peroxide (30, 35, 55, 56, 61, 62) . The oxidant emitted from dying cells may promote elimination of viable neighbor cells by bystander killing. Treatments designed to promote bystander killing may be developed to increase efficacy of chemo-, ␥-ray, and gene therapy of cancer.
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